Abstract: To obtain high accuracy, CMOS temperature sensors need to be calibrated. The current available calibration techniques are manual ones. They are time-consuming and expensive. They are not suitable for chip mass production. To solve the problem, we present an individual and automatic calibration technique for BJT-based CMOS temperature sensors. It is an automatic voltage calibration using the trimming circuit based on the successive-approximation algorithm. Experimental results show that after a 2-second auto-calibration, the sensor can achieve an accuracy of −1°C∼ 1.5°C from −40°C to 100°C.
Introduction
BJT-based CMOS temperature sensors are preferred because they are more accurate than other sensors [1] . For BJT-based sensors, the systematic errors caused by the non-idealities in the readout circuitry are designed negligible. Hence, the random errors caused by process spread are the main errors and a costly calibration is needed to achieve high accuracy [1, 2, 3, 4, 5, 6, 7, 8] .
Calibrations can be divided into two categories: manual calibration and automatic calibration. Usually high accuracy is obtained by many times of fine tuning. Therefore, the manual calibration cannot be used in chip mass production because of manual work and time-consuming. Since there is no good way to implement chip mass production calibration, some people developed batch calibration technique where some parameters are extracted from some samples. The extracted parameters are used to calibrate all the chips in the same batch. Batch calibration can significantly reduce cost, but causes a significant loss of accuracy [1, 7] . In addition, although a low-cost voltage calibration technique is proposed to reduce calibration time, the trimming and calibration procedures still need to be implemented manually [9] .
Individual and manual calibration has high accuracy but is not suitable for mass production. Batch calibration has low cost but poor accuracy. So it is essential to develop an individual and automatic calibration technique for mass production. To meet the demand, we present a novel automatic voltage calibration technique with the successive-approximation algorithm.
The rest of the paper is organized as follows. In the section 2, the proposed auto calibration technique and its circuitry are introduced. Section 3 presents the details of our auto-calibration algorithm. Experimental results are shown in section 4, and the paper ends with conclusions.
contain all the necessary temperature information. The delta-sigma ADC then converts ÁV BE and V BE to a digital temperature reading T:
where ¡ is the scale factor to make V REF a temperature-independent bandgap reference voltage; A and B are scale factors to transform ® into a temperature reading in degree Celsius.
The delta-sigma ADC contains a delta-sigma modulator (DSM) and decimation filter. A fully differential switched-capacitor (SC) DSM with second-order cascade of integrators, feedforward loop structure and single-bit quantization is applied in our work. Fig. 2 shows the circuit diagram of the fully differential SC DSM. An input branch for calibration is added to SC DSM. The accuracy of DSM is determined by the first integrator. A gain-boosted folded-cascode OPAMP with a direct current gain above 90 dB is applied. Correlated double sampling, systemlevel chopping, and non-overlapping clock are also used to maintain negligible errors in DSM [10] .
V BE cannot be accurate on-chip because of process spread. And the spread of V BE is a proportional-to-absolute-temperature (PTAT) error [11] . So a trimming circuit that adjusts V BE is needed. Fig. 3 shows the schematic of our trimming circuit. R CAL is a trimming resistor network, which contains seven binary-weighted resistors in series. Each resistor is connected with a switch in parallel. The PTAT current generated by precision bias passes through R CAL , and the voltage V CAL across this resistor is used to compensate the spread of V BE . S1 controls the polarity of V CAL , and S2-S8 control the magnitude of V CAL . V CAL and V BE are input to the DSM simultaneously. A microcontroller unit (MCU) is needed to realize the autocalibration technique. And it can be implemented off-chip.
Auto-calibration algorithm
The flow chart of our auto-calibration procedure is shown in Fig. 4 . The autocalibration procedure is presented as follows:
1. According to Fig. 1 , S CAL selects an external reference voltage V ext as the input of DSM instead of V BE . The delta-sigma ADC completes the conversion. The output of the sensor is then expressed as follows:
Assuming that V ext is accurate enough, T ref can be expected to be an accurate temperature reference. MCU completes the calculation process, and T ref is stored in the memory. 2. S CAL switches to V BE , and the sensor works in a normal trimming mode. S1 is defined to 1 for a positive V CAL . S2-S8 are all set to one; thus, R CAL ¼ 0. The sensor output is " 1 . With proper scaling, a temperature reading in Kelvin T 1 can be obtained. By comparing T 1 and T ref , MCU decides the sign bit of S1 to be one or zero. This process determines the polarity of the calibration voltage.
3. After the sign bit of S1 is determined, the most significant bit S2 is set to zero, whereas the others remain unchanged. The digital temperature reading is T 2 . By comparing T 2 with T ref , MCU decides whether S2 remains the same or reverses. This process repeats until the least significant bit S8 is confirmed. When S2-S8 are all set, the magnitude of the calibration voltage is determined as well.
Experimental results
To verify the validity of the proposed auto-calibration technique, a BJT-based temperature sensor is fabricated in the Global Foundries 0.18 µm CMOS technology. The chip micrograph of the fabricated sensor is shown in Fig. 5 . The sensor area is 1 mm Â 1 mm, including a CIC and 36 electrostatic discharge pads.
Four chips are randomly selected for testing. Each chip is bonded on a printed circuit board. The test board is placed in an oven that can provide an environment of −60°C to 150°C. A Fluke 1551A thermometer with accuracy of AE0:05°C is used to measure the environment temperature. A Keithley 2400 SourceMeter with a maximum error of AE5 µV is used to generate an accurate external voltage V ext . Our calibration voltage can cover 10°C range with a step of 0.1°C.
The auto-calibration procedure is applied at room temperature with an accurate voltage reference provided by Keithley 2400 SourceMeter. The DSM needs at least 50 ms to complete a conversion. Given that the MCU needs 150 ms to process and store the data. We need 200 ms for a conversion in all. The auto-calibration procedure needs 9 DSM conversions, so the calibration time is about 2 s. After trimming and calibration, the main errors in the sensor are removed. To evaluate the performance of our auto-calibration technique, the uncalibrated sensor and the calibrated sensor are measured from −40°C to 120°C in a step of 10°C with the Fluke 1551A thermometer. For each temperature step, the temperature in the oven is controlled to be stable for a long time to establish thermal equilibrium between the sensors under test and the thermometer.
The measured errors of the four chips before and after calibration are shown in Fig. 6 and Fig. 7 , respectively. The experimental results show that before calibration, the accuracy is −4°C∼2°C for temperature from −40°C to 100°C. The proposed auto-calibration can achieve an accuracy of −1°C∼1.5°C which is good enough for some applications.
The performance comparison with previous work is shown in Table I . Since, to our best knowledge, we have not found any individual and automatic calibration technique, we have to do this kind of apple-to-orange comparison. As shown in Table I , work [1] and [2] have better accuracy, but they both are not suitable for chip mass production.
The performance of a calibration technique is usually consists of manual/ automatic, calibration time, accuracy, temperature coverage, and power dissipation. Our calibration technique has the following characteristics: 
Conclusion
In this paper, an individual and automatic calibration technique for BJT-based temperature sensors has been proposed for the first time. By using voltage calibration, MCU, and trimming network, the calibration procedure can be operated automatically in the successive-approximation manner. The proposed technique can provide automatic calibration by machine, short calibration time, reasonable accuracy, wide temperature coverage, and negligible power due to calibration. It has been proven by the experiments. The experimental results show that this autocalibration technique takes 2 s for calibration and the remaining error of the sensor is −1°C∼1.5°C from −40°C to 100°C.
